We describe a method for the preparation of novel long (hundreds of nanometers), uniform, intermolecular G4-DNA molecules composed of four parallel G-strands. The only long continuous G4-DNA reported so far are intra-molecular structures made of a single G-strand. To enable a tetramolecular assembly of the G-strands we developed a novel approach based on avidin-biotin biological recognition. The steps of the G4-DNA production include: (i) Enzymatic synthesis of long poly(dG)-poly(dC) molecules with biotinylated poly(dG)-strand; (ii) Formation of a complex between avidin-tetramer and four biotinylated poly(dG)-poly(dC) molecules; (iii) Separation of the poly(dC) strands from the poly(dG)-strands, which are connected to the avidin; (iv) Assembly of the four G-strands attached to the avidin into tetra-molecular G4-DNA. The average contour length of the formed structures, as measured by AFM, is equal to that of the initial poly(dG)-poly(dC) molecules, suggesting a tetra-molecular mechanism of the G-strands assembly. The height of tetra-molecular G4-nanostructures is larger than that of mono-molecular G4-DNA molecules having similar contour length. The CD spectra of the tetra-and mono-molecular G4-DNA are markedly different, suggesting different structural organization of these two types of molecules. The tetra-molecular G4-DNA nanostructures showed clear electrical polarizability. This suggests that they may be useful for molecular electronics.
INTRODUCTION
G-rich DNA sequences containing runs of guanines (dG) can form G-quadruplex structures. These structures, commonly named G4-DNA, are comprised of stacked tetrads; each of the tetrads arises from the planar association of four guanines by Hoogsteen hydrogen bonding. The potential biological role of G4-DNA stimulated investigation of the physico-chemical properties of these structures. Most of the studies have been performed using short (16-32 bases) G-rich telomeric oligonucleotides that are stable only in the presence of stabilizing cations (K + or Na + ) (1) (2) (3) (4) (5) ; removal of the cations results in a complete unfolding of the G-quadruplexes. Short G-rich oligonucleotides were shown to assemble spontaneously into long molecular wires in the presence of proper monovalent cations (6) (7) (8) . These wires comprise a large number of G-oligonucleotide fragments assembled in a tetra-helix fashion and not covalently connected to one another. G-quadruplex structures are very polymorphic and are characterized by various molecularity, topology and strand orientation (9) . G-quadruplex DNA may be formed from one, two and four separate DNA strands, thus termed mono-, bi-and tetra-molecular G4-DNA, correspondingly (10) (11) (12) (13) (14) (15) .
In the tetra-molecular structures, each one of the four strands contributes one G-residue to form a tetrad. In the bi-molecular structures, each strand contributes two guanines to each tetrad and in the mono-molecular structures all the G-residues are coming from the same strand. G4-DNA forming sequences were found at the ends of chromosomes in the so-called telomeric regions, as well as in transcriptional regulatory regions in several oncogenes (16, 17) , immunoglobulin heavy chain switch regions, some promoter regions, minisatellites and ribosomal DNA. Besides their physiological relevance, guanine tetrads have drawn attention in the nanotechnology field, since they were proposed as building blocks of molecular nanowires for nanoelectronics (18) . G4-wires comprise a large number (hundreds) of stacked guanine tetrads, thus providing better conditions for p overlap compared to the base-pairs of the canonical doublestranded DNA and higher structural rigidity and stability under various conditions (e.g. boiling, DNase). A high guanine content, having the lowest ionization potential among the DNA bases, increases the probability of charge migration through G4-wires (19) (20) (21) . These properties make G4-wires attractive candidates for nanoelectronics applications. So far, the structures made of short G-oligonucleotide sequences resulted in non-uniform polymers having gaps (non-covalently bonded backbone) between oligonucleotide fragments along the formed wires (6, 8, 22) . These drawbacks limit the mechanical stability and stacking in so-produced wires and strongly reduce their ability to conduct current, therefore limiting their application in nanoelectronics.
We have recently reported the synthesis of novel continuous mono-molecular G quadruplex DNA nanostructures composed of single self-folded poly(G) strands containing hundreds of stacked tetrads (18) . These nanostructures are characterized by a narrow length distribution and contain no gaps in their backbone. We have also demonstrated that these mono-molecular wires are characterized by higher charge polarizability, as compared to double-stranded DNA (23) . Mono-molecular quadruplexes, made of single intra-molecular folded G-strands, are the only long continuous G4-DNA nanostructures reported so far. Long G-quadruplexes composed of four long parallel G-strands might possess improved electric properties with respect to mono-molecular G-wires and better ability to insert interruptions in specific positions along the molecule. However, uniform inter-molecular G4-wires do not form spontaneously in solution. At high concentration, which is required for the tetra-molecular assembly, G-strands aggregate into bundles comprised of a large number of strands. In order to avoid the formation of aggregates and enable only the tetramolecular G-strand folding, we developed an approach based on the avidin-biotin interaction. The basic idea behind this approach is that the avidin-tetramer brings together four G-strands, end-labeled with biotin, therefore enabling their tetra-molecular folding at low molecular concentrations.
Avidin is a glycoprotein, which consists of four identical subunits, each capable of tight biotin binding (24) (25) (26) (27) (28) . The interaction between avidin and biotin is the strongest noncovalent interaction known in biology. The complex between the protein and the ligand is stable under various experimental conditions: pH from 2 to 13, high temperatures and presence of organic solvents (29) (30) (31) (32) . These unique characteristics of the complex, together with commercial availability of biotinylated nucleic acids and proteins, make the biotin-avidin system a universal tool for assembling proteins and nucleic acids (25, 28, 33, 34) .
Here we present a novel avidin-biotin-based method that enables the formation of long, parallel, tetramolecular G4-DNA structures. The morphology of the structures was measured by AFM and their properties were characterized by HPLC, electrophoresis, CD and absorption spectroscopy. We showed that the CD spectrum and the morphology of the tetra-molecular structures differ from those of the mono-molecular G4-DNA.
We demonstrated, by electrostatic force microscopy (EFM), that tetra-molecular G4-DNA nanostructures show polarizability, as their intra-molecular counterpart.
MATERIALS AND METHODS

Materials
Unless otherwise stated, the reagents were obtained from Sigma-Aldrich (USA) and were used without further purification. The 2 0 -deoxyribonucleoside 5 0 -triphosphate (dGTP) was purchased from Sigma-Aldrich (USA). Klenow fragment exonuclease minus of DNA polymerase I from E.coli lacking the 3 0 !5 0 exonuclease activity (Klenow exo -) was purchased from Fermentas (Lithuania).
DNA samples
The oligonucleotides were purchased from Alpha DNA (Montreal, Canada). In biotinylated (dG) 12 -oligonucleotide (5 0 biotin-(dG) 12 ) the biotin residue is linked to the terminal base at the 5 0 -end. All the oligonucleotides were purified by HPLC using Agilent 1100 HPLC system with a photodiode array detector. The (dC) 12 -oligonucleotides were purified on an ion-exchange Western Analytical Products (USA) PolyWax LP column (4.6 Â 200 mm, 5 mm, 300 Å ). The oligonucleotides were eluted from the column in 10% Acetonitrile with linear K-Pi (pH 7.5) gradient from 20 mM to 0.5 M for 1 h with flow rate of 0.8 ml/min. The (dG) 12 -and 5'biotin-(dG) 12 -oligonucleotides were purified using an ion-exchange HiTrap QHP column (5 Â 1 ml) from Amersham-Biosciences (Sweden) at pH 13. Elution was conducted in 0.1 M NaOH and 10% acetonitrile with a linear NaCl gradient from 0.5 to 1 M for 1 h at a flow rate of 0.7 ml/min. Peaks were identified by their retention times obtained from the absorbance at 260 nm. Purified oligonucleotides were desalted using pre-packed Sephadex G-25 DNA-Grade columns (Amersham-Biosciences). In order to create templateprimer for enzymatic synthesis the purified 5 0 biotin-(dG) 12 -oligonucleotides were incubated with their complementary counterparts in 0.1 M NaOH at a molar ratio of 1 : 1 for 15 min and further dialyzed against 20 mM Tris-Acetate buffer, pH 7.5, for 2 h. All the oligonucleotides were quantified spectrophotometrically using their respective extinction coefficients. The concentrations of the (dG) 12 and (dC) 12 were calculated using extinction coefficients of 11.7 and 7.5 mM À1 cm À1 at 260 nm, respectively (35) .
DNA polymerase assays
The standard reaction contained 60 mM KPi, pH 7.4, 5 mM MgCl 2 , 5 mM DTT and 1.5 mM of dGTP and 1.5 mM dCTP, 0.2 mM Klenow exo À and 0.2 mM template-primer, 5 0 biotin-(dG) 12 -(dC) 12 . The reaction was triggered by the addition of the enzyme. The incubation was performed at 378C for time intervals indicated in the figure legends. The reaction was terminated by the addition of EDTA to a final concentration of 20 mM. Reaction products were analyzed by size exclusion HPLC and by an agarose gel electrophoresis.
HPLC separation of the polymerase products 5 0 biotin-poly(dG)-poly(dC) produced during the enzymatic synthesis (see above) were separated from nucleotides and other reaction components of the synthesis using size-exclusion HPLC. The separation was achieved with a TSK-gel G-DNA PW HPLC column (7.8 Â 300 mm) from TosoHaas (Japan) by isocratic elution with 20 mM Tris-Acetate at pH 8.5 for 30 min at a flow rate of 0.5 ml/min. Injection volumes were 20-170 ml. The separation was conducted with an Agilent 1100 HPLC system with a photodiode array detector. Peaks were identified by their retention times obtained from the absorbance at 260 nm.
Preparation of avidin-Poly(dG)-Poly(dC) complex
Egg-white avidin (0.2 mM) was incubated with 5 0 biotinpoly(dG)-poly(dC) (1 mM in molecules) in 0.2 M CAPS buffer (pH 10.5) and 0.5 M NaCl, for 4 h at 25 8 C. The concentration of avidin was calculated using extinction coefficient of 97.4 mM À1 cm À1 at 280 nm (36) . The avidin-5 0 biotin-poly(dG)-poly(dC) complex was purified from unbound 5 0 biotin-poly(dG)-poly(dC) molecules using size-exclusion HPLC. The separation was achieved with a TSK-gel G-DNA PW HPLC column (7.8 Â 300 mm) from TosoHaas (Japan) by isocratic elution with 20 mM Tris-Acetate (pH 8.5), 0.5 M NaCl, for 30 min at a flow rate of 0.5 ml/min. Peaks were identified by their retention times obtained from the absorbance at 260 nm. The purity of the avidin-5 0 biotin-poly(dG)-poly(dC) complex was confirmed by agarose gel electrophoresis.
Preparation of avidin-G4-DNA complex
The avidin-5 0 biotin-poly(dG)-poly(dC) complex obtained as described above was pretreated for 20 min at room temperature in 0.1 M LiOH in order to dissociate poly(dG)-strands connected to avidin from poly(dC)-strands. The separation was carried out with a sizeexclusion TSK-gel G-DNA PW HPLC column (7.8 Â 300 mm) from TosoHaas (Japan) by isocratic elution with 0.1 M LiOH for 30 min at a flow rate of 0.5 ml/min. Peaks were identified by their retention times obtained from the absorbance at 260 nm. The avidinpoly(dG) fraction was collected and dialyzed against 20 mM LiCl for 4 h. During the dialysis the pH of the solution was reduced and the G-strands folded. The dialyzed complex was chromatographed on TSK-gel G-DNA PW HPLC column (7.8 Â 300 mm) from TosoHaas (Japan) in 0.1 M Tris-Acetate (pH 7.5). The main fraction was collected; the late fraction enriched with tri-molecular avidin-5 0 biotin-poly(dG) complex was discarded.
CD and absorption spectroscopy CD spectra were recorded at 258C with an Aviv Model 202 series (Aviv Instrument Inc., USA) Circular Dichroism Spectrometer. Each spectrum was recorded from 220 to 340 nm and was an average of 5 scans. Absorption spectra of the synthesized products were recorded with a Jasco V-630 spectrophotometer (Japan).
AFM imaging
Atomic force microscopy was performed on the molecules adsorbed onto mica surfaces. A 20 ml of 1.0-2.0 nM (in molecules) Avidin-DNA and G4-DNA samples in 50 mM HEPES or Tris-Acetate, pH 7.5, containing 0.5-2.0 mM MgCl 2 were incubated on a freshly cleaved moskovite mica plates for 5 min, washed with distilled water and dried with nitrogen gas. AFM images were obtained with two systems: (i) a Solver PRO (NT-MDT, Russia) AFM in a non-contact (tapping) mode using 130 mm long Si-gold-coated cantilevers (NT-MDT, Russia) with resonance frequency of 119-180 kHz.
(ii) Images and electrostatic polarizability were measured with Nanotec Electronica S.L. Madrid, in dynamic mode. Soft cantilevers (OMCL-RC800PSA, Olympus Optical Co., Ltd) of nominal force constant 0.3 Nm À1 , resonance frequency 75-80 kHz and tip radius 15-20 nm were used (the tip radius was measured with a scanning electron microscope). The cantilever was oscillated at its resonance frequency while the amplitude and the phase, relative to the oscillatory driving force, were measured through the tip deflection signal as detected by the photo-detector. The feedback was performed on the amplitude signal channel. The images were 'flattened' (each line of the image was fitted to a 2nd-order polynomial, and the polynomial was then subtracted from the image line) by the AFM's image processing software. The images were analyzed and visualized using a Nanotec Electronica S.L (Madrid) WSxM imaging software (37).
Electrostatic force microscopy (EFM) polarizability measurements
The electrostatic polarizability of the molecules was checked by EFM using various methods described in details in (23, 38) . The EFM results presented here were measured in retrace mode with a tip lift of 30 nm above the topography set point height (and above the effective VDW force range, where the electrical interaction is dominant) at 0, À4 and +4 V applied to the tip. The phase shift signal that is compared for the different molecules at the various voltages is integrated from the cross-sections along the molecule. For electrical functionality all the cantilevers used in this work were sputter-coated with AuPd at a nominal thickness of 15-30 nm. As a result the resonance frequency was reduced to $60 kHz. While scanning, the cantilevers were oscillated at low amplitude of up to 20 nm peak-to-peak, resulting in a low stored energy that increased the measurement sensitivity.
Gel electrophoresis
The products of the polymerase synthesis were analyzed by 0.7% agarose gel electrophoresis at room temperature at 130 V for 1 h. TAE buffer was used for the agarose preparation and as a running buffer. The dimensions of the agarose gel were 10 Â 10 cm with 2 Â 4 mm 14-wells. The gel was stained with ethidium bromide (0.5 mg/ml) and visualized with a Bio Imaging System (302 nm).
RESULTS
Preparation and characterization of the avidin-Poly(dG)-Poly(dC) complexes
We have synthesized double-stranded poly(dG)-poly(dC) molecules composed of C-homopolymers and 5
0 -end biotin-labeled G-homopolymers, as described in 'Materials and methods' section. The polymerase synthesis, conducted essentially as described in (39) 0 biotin-poly(dG)-poly(dC) molecules with the avidin-tetramer as described in 'Materials and methods' section, results in the formation of the complex between the DNA and the protein. Figure 1 shows gel electrophoretic patterns of complexes obtained during incubation of 5 0 biotin-poly(dG)-poly(dC) with avidin at different DNA to avidin ratios. As can be seen in the Figure 1 , incubation of the avidin-tetramer with twice the amount of 5 0 biotin-poly(dG)-poly(dC) yields a complex with a mass of $3 kb (Figure 1, lane 3) and thus corresponds to two 5 0 biotin-poly(dG)-poly(dC) molecules joined together by avidin. The increase of the ratio between the DNA to the protein leads to the formation of higher molecular mass ($5 and $6 kb) complexes corresponding to three and four 5 0 biotin-poly(dG)-poly(dC) molecules linked together (Figure 1, lanes 4-6) , respectively. Increasing the ratio above four results in a mixture of the saturated avidin-DNA complex, comprising of four 5 0 biotin-poly(dG)-poly(dC) molecules (tetra-molecular complex), and single 5 0 biotin-poly(dG)-poly(dC) molecules not grouped by avidin (Figure 1, lane  6) . A minor quantity of the tri-molecular complex is present together with the tetra-molecular one even in the mixture containing a large (5 and more) excess of DNA over the protein (Figure 1, lane 6) . The tetra-molecular complex prepared at a 5 : 1 ratio between 5 0 biotinpoly(dG)-poly(dC) and avidin ( Figure 1 ) was purified from the excess of unbound DNA using size-exclusion HPLC. The elution profile (Figure 2A) shows two major peaks. The first one, eluted between 12 and 14 min, corresponds to the avidin-4[biotin-poly(dG)-poly(dC)] complex; and the second peak, eluted between 14 and 16 min, to 5 0 biotin-poly(dG)-poly(dC) not linked to avidin. The molecular composition and the purity of molecules eluted in the first peak were analyzed by agarose gel-electrophoresis ( Figure 2B ). The electrophoretic analysis clearly shows that the complex is completely separated from the unbound 5 0 -biotin-poly(dG)-poly(dC) molecules; the quality of the separation obtained with the HPLC technique is, however, not sufficient to purify the tetramolecular complex from the tri-molecular one. The latter complex is seen as a minor band ( Figure 2B ) below the major band, corresponding to the tetra-molecular complex, on the electrophoresis gel image.
The 4[biotin-poly(dG)-poly(dC)]-avidin complex is stable at high ionic strength and does not undergo any changes for weeks at 48C. Reducing the ionic strength, however, results in its fast disintegration (Figure 3) . The incubation of the saturated complex, which correspond to 3 kb bands (Figure 3, lane 3) , in 20 mM Tris-HCl for 2 h results in almost complete disappearance of the bands and the appearance of a new band corresponding to 0.7 kb band ( Figure 3, lane 4) . These results suggest that the complex dissociates into poly(dG)-poly(dC) molecules not grouped by avidin. The dissociation can be reversed by addition of NaCl; in the presence of 0.5 M (or higher) concentration of the salts the complexes reassemble and appear as 2 and 3 kb bands on the gel (Figure 3, lane 5) .
The HPLC-purified tetra-molecular 1.4 kb 4[biotinpoly(dG)-poly(dC)]-avidin complexes were visualized by AFM. The complexes, collected from the HPLC column (Figure 2A) , were deposited on a freshly cleaved mica surface and measured by AFM, as described in 'Materials and methods' section. Figure 4 presents an AFM image of the complex. The avidin is seen in the image as a bright sphere to which four linear poly(dG)-poly(dC) molecules are attached ( Figure 4A ). As can be seen in Figure 4A , there are a few molecules containing three arms, corresponding to an avidin-3[poly(dG)-poly(dC)] complex. The presence of a minor quantity ($20%) of this complex is consistent with our gel-electrophoresis results ( Figure 2B ). The contour length distributions of poly(dG)-poly(dC) molecules attached to avidin is presented in Figure 4B . The average contour lengths of more than 450 analyzed DNA molecules is 323 AE 54 nm. We have recently demonstrated (40) that poly(dG)-poly(dC) molecules are immobilized on mica in a form related to the A-form DNA duplex, in contrast to poly(dA)-poly(dT) and random sequence DNA which are immobilized in a form corresponding to the B-form DNA duplex. The estimated contour length of the poly(dG)-poly(dC) is rather close to that expected for a double-stranded A-form DNA composed of 1400 bp (364 nm) assuming a rise per base pair of 2.6 Å (40).
Preparation and characterization of the avidin-G4 complex
A complex between four 1.4 kb biotin-poly(dG)-poly(dC) molecules and avidin, prepared as described in 'Material and methods' section (and the caption of Figure 2 ), was used as the starting material for tetra-molecular G4-DNA nanostructures production. The poly(dC) strands were separated from the biotin-poly(dG) strands connected to avidin during the size-exclusion HPLC of 4[biotinpoly(dG)-poly(dC)]-avidin at high pH. At pH > 12.5 the poly(dG) and the poly(dC) strands composing poly(dG)-poly(dC) molecules are separated from one another. The size-exclusion chromatography of the complex in 0.1 M LiOH results in a separate elution of G-strands connected to the avidin and C-strands ( Figure 5 ). The good separation quality achieved by the size-exclusion HPLC is due to the difference in molecular masses of the 4[poly(dG)]-avidin complex containing four G-strands compared to single C-strand. The first peak eluted from the column between 12.5 and 14.5 min corresponds to G-strands grouped together by avidin, while the second peak eluted between 15.5 and 18 min corresponds to C-strands. The absorption spectra of fractions eluted with the first and the second peaks fit nicely with those of G-and C-nucleotides, respectively. The poly(dG) fraction collected from the HPLC column was dialyzed against 20 mM LiCl for 4 h. During the dialysis the pH of the solution was reduced from 13.0 to 8.0 and the strands underwent folding into G4-DNA structures. The dialyzed molecules were passed through a size-exclusion HPLC column, as described in 'Materials and methods' section. The G4-avidin complex was collected from the HPLC column and was imaged by AFM. As seen in the AFM image ( Figure 6A ), each molecule is composed of a linear segment corresponding to the DNA and a brighter sphere corresponding to the avidin. The average contour length of more than 400 single analyzed molecules is equal to 275 AE 25 nm ( Figure 6C ). Statistical AFM morphology imaging analysis shows that the contour length of the G4-DNA molecules is somewhat shorter, although within the experimental error, to the length of the initial poly(dG)-poly(dC) (323 AE 54 nm, see Figure 4 ) suggesting a tetra-molecular mechanism of the G-strands assembling.
The morphology of the tetra-molecular G-quadruplexes reported here was compared with the morphology of mono-molecular G4-DNA reported by us earlier (18) . The latter mono-molecular quadruplexes are prepared by folding a single G-strand four times as described in (18) . For the sake of comparison, monomolecular G-quadruplexes were made from the same amount of G-bases ($5.5 kb) as the tetra-molecular ones (4 Â 1.4 kb). Note that in mono-molecular G-quadruplexes all G-bases belong to the same chain, while in tetra-molecular G-quadruplexes they are equally distributed between the four chains composing the DNA. Moreover, in the 4-folded molecules every two strands run in opposite directions, while in the latter molecules all the four strands run in the same 3 0 -5 0 direction. Both types of molecules were deposited on a freshly cleaved mica surface and measured by AFM. Figure 6A and B shows images and C and D comparative contour length analyses of the tetra-and mono-molecular G4-quadruplexes, correspondingly. The statistical analysis ( Figure 6C and D) shows that the contour length of the tetra-molecular quadruplexes (275 AE 25 nm) is shorter than that of the mono-molecular ones (351 AE 44 nm). The average height of the tetra-molecular quadruplexes (2.2 AE 0.2 nm) is noticeably larger than that of the mono-molecular quadruplexes (1.0 AE 0.2 nm). The apparent heights were extracted from cross-sections of hundreds of molecules of each type measured under identical conditions. Figure 7 presents height profiles taken along the marked lines of two typical tetra-molecular single G4-wires. The height of the avidin is approximately equal to 5 nm, while the height of the G4-DNA connected to it is approximately equal to 2.5 nm. It is clearly evident from Figure 7 that the height of the DNA in the complex is not influenced by the protein; the same height was measured close (2.5 nm) to and opposite to the site of the avidin's attachment.
CD spectra of tetra-and mono-molecular G-quadruplexes are shown in Figure 8 . As seen in the figure, the CD spectrum of the mono-molecular quadruplexes is characterized by a positive band at 256 nm and a negative band at 276 nm, while the spectrum of tetramolecular quadruplexes has only a positive band at biotin-poly(dG)-poly(dC)-avidin complex was prepared at a poly(dG)-poly(dC) to avidin ratio of 5, as described in 'Materials and methods' section, and was further purified by HPLC as shown in Figure 2 . The complex was pretreated for 20 min at room temperature in 0.1 M LiOH in order to dissociate poly(dC)-strands from poly(dG)-strands connected to avidin. The separation was achieved with a sizeexclusion G-DNA-PW HPLC column (7.8 Â 300 mm) by isocratic elution with 0.1 M LiOH for 30 min at a flow rate of 0.5 ml/min. 260 nm (Figure 8, lines 1 and 2, respectively) . The baseinduced unfolding of the tetra-molecular structures results in the complete disappearance of the original positive CD band at 260 nm (Figure 8, line 4) . We have shown earlier (18) that long mono-molecular structures are stable without K + or Na + in contrast to short tetraplexes, which formation takes place only in the presence of these cations. Here we show that the same is true for tetramolecular quadruplexes; these structures are very stable in the absence of K + (Na + ) and do not undergo any noticeable changes during weeks. Addition of K + to tetra-molecular G-quadruplexes prepared in the absence Figure 6 . Comparison between the tetra-and mono-molecular G-quadruplexes. AFM images of tetra-molecular (Inset: enlargement of a tetramolecular complex) (A) and monomolecular (B) G-quadruplexes. Tetra-molecular G-quadruplexes were prepared, as described in 'Materials and methods' section, using complex of four 1.4 kb 5 0 biotin-poly(dG)-poly(dC) molecules connected to avidin as starting material. Monomolecular G-quadruplexes were prepared as described in 'Introduction' section using 5.5 kb G-strand. Both types of molecules were deposited on mica under the same conditions. Statistical contour length analysis of tetra-molecular (C) and monomolecular (D) G-quadruplexes. More than 300 single-well separated molecules of each type were subjected to the statistic analysis. Inset: Enlargement of one of the tetra-molecular G4-DNA molecules. Figure 7 . The height profiles of tetra-molecular G-quadruplexes. AFM images of tetra-molecular G4-wires (A) and their height profiles (B and C). Tetra-molecular G-quadruplexes were prepared, as described in 'Materials and methods' section, using complex of four 1.4 kb 5 0 biotin-poly(dG)-poly(dC) molecules connected to avidin as starting material.
of K + results in a slight (6 nm) shift of the maximum at 260 nm and in appearance of a weak negative band at 278 nm in the CD spectrum (Figure 8 , compare curves 1 and 3).
Electrostatic force microscopy characterization of the avidine-G4 complex An efficient non-contact and non-invasive way to identify polarizable objects, usually conducting materials with AFM, is electrostatic force microscopy (EFM) (23, 38) . In this method the phase shift between the induced and actual tip oscillations is recorded, thus providing a sensitive indication for the tip and sample electrostatic interaction, e.g. due to charge mobility or polarizability. When performing an EFM measurement, a voltage is applied to a metallized tip after raising it above the Van der Waals (VDW) interaction height ($10 nm) while the feedback is disabled. Attractive forces between the conductive tip and the probed object in both positive and negative bias voltages indicate a polarization response of the charge carriers in the measured object to the electric field. In our measurement scheme, attractive forces are reflected as dark areas in the phase image.
In Figure 9 we demonstrate that the biotin-avidine-G4 complex shows clear polarizability. Figure 9A shows topography of two molecules. Cross-sections taken on one of the molecules (continuous line, Figure 9B ) and on the avidin (dotted line, Figure 9C ) show heights of 2.2 and 4.5 nm respectively. The phase shift image of the same scan area as in Figure 9A during scanning 30 nm above the imaging set-point (with the same oscillation amplitude) is shown in Figure 9D , F and H for +4, 0 and À4 V, respectively, with corresponding average cross-sections in E, G and I. The dark appearance of the . Tetra-molecular G-quadruplexes were prepared, as described in 'Materials and methods' section. Monomolecular G-quadruplexes were prepared as described in 'Introduction' section using 5.5 kb G-strand. molecules in the phase shift images, when AE4 V are applied, as expected, no molecules are seen at zero-bias. This suggests that the molecules are good candidates for conductivity measurements and if the wires will be found conductive, they will be very useful for nanoelectronic applications, as nanoelectronic wires.
DISCUSSION
We described here the procedure for preparation of novel long continuous tetra-molecular G4-wires based on avidin-biotin interaction. An avidin-tetramer, that can bind up to four biotin molecules (24) (25) (26) (27) (28) , was used to bring together four G-strands, end-labeled with biotin and enabled their tetra-molecular folding. The avidinbiotin complex is extremely stable under various experimental conditions (pH from 2 to 13, high temperatures, presence of organic solvents) (29) (30) (31) (32) and is particularly useful for preparation of tetra-molecular G4-wires. The procedure of the G4-wires production consists of four main stages schematically illustrated in Figure 10 (iii) Separation of the poly(dC) strands from poly(dG)-strands connected to the avidin ( Figure 10C) ; (iv) Assembling of four G-strands connected to avidin into tetra-molecular G4-DNA structures ( Figure 10D) . The above procedure yields G4-DNA molecules having an average length approximately equal to that of the parent poly(dG)-poly(dC) molecules (Figures 4 and 6 ). This result, together with the similar distance between adjacent base pairs as in dsDNA (41, 42) and adjacent tetrads in G-qadruplexes (1,2,43,44 ), strongly suggests a tetramolecular mechanism of G-strands assembly into G-quadruplexes.
The complex between an avidin-tetramer and four poly(dG)-poly(dC) molecules is unstable at low ionic strength and undergoes dissociation at room temperature ( Figure 3) . The dissociation is reversible; an increase of the ionic strength leads to almost complete reassembly of the complex. The avidin-tetramer, as well as the complex, is very stable and is not disturbed by heat or manipulations like multiple washings and dilutions (28, 31, 32) . However, attachment of long negatively charged molecules such as DNA to the avidin can destabilize the complex. At low ionic strength the electrostatic repulsion between the DNA molecules exceeds the forces that stabilize the avidintetramer (hydrophobic interactions and hydrogen bonds between the sub-units). Under these conditions, the dissociation reaction becomes energetically favorable and the complex disintegrates. The increase of the ionic strength results in a reduction of the electrostatic repulsion shifting the equilibrium towards re-association of the tetramer.
We have shown that, in contrast to short G-qaudruplexes reported earlier (4,13), long monomolecular G-quadruplexes can be formed in the absence of K + and Na + cations (18) . This is true also for the long tetra-molecular G4 structures reported here. The structures made in the absence of these 'stabilizing' ions, but in the presence of nonstabilizing Li + are stable and do not undergo any observable change in aqueous solution for weeks. Addition of the ions to the molecules alters the CD spectrum of the DNA (Figure 8 ). The effect of K + and Na + on the CD properties of G4-DNA reflects changes in the fine structure of the molecules induced, by the cations.
The molecular morphology and the CD spectrum of tetra-molecular G-quadruplexes measured here are different from those reported earlier for mono-molecular G4-wires (18) . The height of the former structures is notably larger than that of mono-molecular G-quadruplexes (insets of Figure 6A and B). The CD spectra of both types of molecules are also very different (Figure 8 ). These results are consistent with the different properties of short mono-and tetra-molecular telomeric G-quadruplexes reported in the literature (13, 14) . A conclusive explanation of the greater height of tetra-molecular G-quadruplexes compared to mono-molecular ones can only be given by X-ray or NMR data, which are not available for these molecules due to their complexity and only recent availability. It may originate from a stronger structural stability when all the four strands run in 3 0 -5 0 direction rather than when every two strands run in opposite directions. Another possible explanation is that a fragment in the tetra-molecular structure located close to the site of avidin attachment is encapsulating the protein. This greater height indicates a higher resistance of the tetramolecular structures to deformations caused by an interaction of the molecules with the mica surface and with the AFM cantilever than that of the mono-molecular G4-DNA. We have shown by EFM, (Figure 9 ) that tetra-molecular G-quadruplexes are characterized by a clear polarizability which is indicative of possible electrical conductivity. The high resistance of the tetra-molecular G-quadruplexes to mechanical deformations together with their electrical polarizability makes these structures very promising for nanoelectronic applications.
